Abstract
in supplying oil and natural gas resources, the importance of marine icing phenomena has increased. 27
Accurate prediction of ice accretion on marine vessels has remained a challenging concern. Researchers 28 have made many efforts in this field, but several aspects of these phenomena are not yet well understood 29 (Kulyakhtin and Tsarau, 2014; Shipilova et al., 2012; Ryerson, 2011) . 30
Atmospheric and sea-generated droplets are two sources of water droplet delivery. Field 31 observations show that atmospheric droplets and humidity, including rain, snow, drizzle, and fog, are not 32 the most significant contributors to ice accretion, and consequently, they are not the main potential 33 causes for ice accretion on marine objects in harsh conditions. These have been analysed in detail by 34 Makkonen (1984) . On the other hand, sea-generated water droplets have more significant roles in the 35 occurrence of ice creation and accumulation on marine objects (Lozowski et al., 2000; Zakrzewski, 1987) . 36
Wind-generated spray, which refers to droplets raised from the sea surface by wind, and wave-impact-37 generated spray, caused by atomized droplets created by wave impact on the outer surface of marine 38 objects, are two important sources of sea-generated droplets. Wind-generated droplets generally have 39 lesser effects on marine icing phenomena, and they are often neglected in the calculations of ice accretion 40 (Lozowski et al., 2000; Zakrzewski, 1987) . Wave-impact-generated droplets are the main cause of ice 41 accretion on marine objects. In harsh conditions at sea, marine vessels are faced with a high rate of water 42 impact due to the differing impacts of high-energy waves (Zakrzewski, 1987) . A review of previous studies shows that there are limited field observations or the measurement 50 of the rate of water delivery to marine objects due to wave impact. Some correlations and empirically-51 based relations have been developed. These relations describe the rates of incoming water of a wave-52 impact sea spray, which are usually the amounts of water in a unit volume of air, called the Liquid Water 53 Content (LWC). The most significant investigations of wave-impact sea spray are from Borisenkov et al. 54 (1975) , Zakrzewski (1987) , Horjen and Carstens (1989) , and Ryerson (1995) . These attempted to extract 55 LWC data from field observations. The vertical distributions for liquid water content have been the most 56 useful data obtained from the field observations. These LWC relations have been used by researchers to 57 predict ice accretion on vessels. 58
The main focus of this paper is on wave-impact sea spray in front of vessels. There have been a 59 few past works which are directly related to vessels. Borisenkov et al. (1975) 
141
A review of past research related to wave-impact sea spray for a vessel's bow shows that this 142 field of research was initially pursued with field observation data (Borisenkov et al., 1975) . There are 143 variations of LWC for various heights, vessel speeds, heading angles, wind speeds, wave specifications, 144 sea water temperatures, wind temperatures and some other information related to the icing situation. 145
These were examined by Zakrzewski (1987) and Lozowski et al. (2000) by generalizing a specific correlation 146 to various situations. Information about LWC is not sufficient for estimating the rate of water impact on 147 every point of a vessel. Size, velocity and concentration of the droplets are the other elements that are 148 required for the droplet trajectory. There have been some attempts to find a good estimation of size and 149 velocity of droplets in a cloud of wave-impact sea spray. However, none can yield a distribution of size 150 and velocity of the droplets in front of a vessel. Some of these attempts assumed the velocity of droplets 151 to be the same as the wind velocity. In MARICE, the initial velocity, which is related to the wave 152 specification and heading angle, was proposed as a model (Lozowski et Droplet sizes and velocities are a result of the breakup of sea water. Evaluating this breakup 159 mechanism leads to a relation between droplet sizes and velocities. In the present paper, the vessel bow 160 is chosen as a sample of an inclined surface that has the potential for conducting water-sheet breakup. 161
The other points of the vessel which are in direct contact with seawater have a similar potential for 162 creating a wave-impact sea spray. Impacting waves on those regions can cause water breakup and droplet 163 creation which will create the cloud of wave-impact sea spray. 164
The wave impact on a vessel bow is the starting step of sea-spray cloud formation. Similar to other 165 impacts of water on vertical or inclined rigid surfaces, an upward thin water sheet is expected to form on 166 the bow. The local impact velocity of the water particles on the bow is one of the main criteria for the 167 quality of the thin water sheet creation. It determines the velocity and thickness of the water sheet. This 168 sheet of water can slip on the bow or separate from the bow at an angle. In case of low-velocity impact 169 and the consequent low velocity of sheets, the sheet water may stay unified and continue its movement. 170
High-velocity impacts can create a high-velocity water sheet leading to surface breakup and, 171 consequently, to droplet breakup. High-velocity sheets cannot keep unity, and they break into many small 172 parts. Long water strips are one result of sheet breakup and water droplets are the final result of the 173 secondary breakup. The most important stages of wave-impact sea spray phenomena are shown in Fig. 3 . The impact of a single sea wave on a bow occurs at various velocities. Impact velocity is the 183 relative velocity of water particles with respect to the bow in the contact area. Due to the variation of 184 contact areas, and different local velocities of water particles of the wave, the impact velocity will be 185 variable. It is worth considering that, in the short period of the impact, the velocity of the impact varies 186 from a minimum effective velocity to a maximum supplied velocity. The minimum effective velocity is the 187 minimum velocity that is required for the creation of a sheet of water. The maximum supplied velocity is 188 the maximum velocity of impact that is possible to occur between the wave and vessel. This behaviour of 189 velocity variation makes spray-cloud modelling more complex. type instability, causing the sheet to be disturbed, and as the oscillating amplitude grows, the sheet will 209 split into divided parts. Stretching causes the sheet to tear into ligaments. The breakup mechanisms 210 appear to be independent of the water viscosity and surface tension; however, these properties affect 211 the final drop size distribution (Lozano et al. 1998) . 212
As mentioned, the impact velocity is not constant. Therefore, the sheet velocity and the resultant 213 droplet velocities are not constant (Sarchami et al. 2010) . In every single impact, the bow is faced with a 214 11 range of impact velocities that create various sheet velocities and therefore, various sizes of droplets. 215
Low-velocity impacts make big droplets with a low velocity; these droplets are stable and cannot be 216 further divided. The high-velocity droplets are unstable and split into smaller droplets. They continue their 217 division to reach a stable condition, involving a balance between the inertia and surface tension at the 218 end of the breakup process. The sizes of the droplets depend on their velocities: higher velocities lead 219 droplets to resize to finer droplets, while the medium velocity droplets may split up into medium-sized 220 force, and added mass force (Dehghani et al. 2009 ). These forces reduce the droplet velocity and move12 them to change their direction and travel in the direction of the wind and gravity. Aspects of this 232 procedure can be calculated by using the droplet trajectory method in front of the vessel. 233
In past research, sea spray creation due to bow-wave interaction has not been well understood. 234
The main interest of studying bow-wave interaction has been the calculation of the force exerted on the 235 bow or the amount of direct water on the deck (Gu et In splash plates, the droplet velocity at the end of the plate depends on the initial velocity of the 247 water impact on the plate. In addition there is a dependence between the velocity and size of the 248 produced droplets. Experimental results show that there is an inverse dependence between the velocity 249 and size of the droplets at the end of the plate; this means that droplets with bigger sizes have lower 250 velocities in comparison to the small droplets (Sarchami et al., 2010 ). This fact is not only applicable to the 251 13 splash plates; it is the physical mechanism of liquid breakup and atomization. The fundamental physics of 252 liquid breakup maintains that the free surface liquid with a high velocity must break up into smaller sizes. 253
The theory of atomization states that low-velocity liquids can retain their unity, but the other high-velocity 254 parts are divided and resized to satisfy the balance of inertia and surface tension forces. The Weber 255 number is the common parameter for the breakup process and it can explain this inverse dependence 256 easily (Sazhin, 2014) . Reynolds number is resented. The correlation is as follows: 272
The constant depends on the viscosity and density of the sheet and also the geometry of the plate. This 274 paper proposes another inverse dependence between the sizes and velocities of the droplets. 275
14
The droplet breakup is the other breakup mechanism which contributes to this process. Bag 276 breakup, which is a type of breakup in which droplets are split up after formation of a water bag, and 277 stripping breakup, which is splitting droplets by the contribution of surface shear force between air and 278 water, can be two dominant mechanisms in this stage. The Weber number is a useful criterion for 279 assessment of the breakup situation. According to Sazhin (2014) , the Weber number, which is the criterion 280 for bag breakup, can be shown as follows: 281
where is air density, is surface tension, and is the Weber number. In the breakup condition, the 283 surface tension and air density are considered constant. The breakup process is stopped when the Weber 284 number reaches lower than a critical amount. Therefore, the Weber number for the end of the breakup 285 process is considered constant and consequently, a new relation can be developed: 286
The constant depends on the surface tension, density and the Weber number. This inverse dependence 288 occurs by a power of two. 289
The other probable mechanism of breakup is stripping breakup (Sazhin, 2014) . The criterion for 290 this type of breakup is suggested in terms of √ ⁄ . or after manipulation, 291
The constant depends on the surface tension, viscosity, density and the Weber number. In this relation, 293 droplet diameters are inversely proportional to the 1.5th power of the droplet velocities. 294
As mentioned above, the overall mechanism of breakup in wave-bow impact is a mixture of sheet 295 breakup and droplet breakup. Also there is an overall inverse dependence between the velocity and size 296 of the droplets at the end of the breakup process, and the quality of this inverse proportion depends on 297 the breakup conditions. Equations (1, 2) and (4, 5), which are the samples of size-velocity relations, 298 15 confirm this overall inverse dependence. Other past research on the breakup process confirms this fact 299 as well (Sazhin, 2014) . 300
The above equations emphasise that at the end of the water breakup process, the bigger droplets 301 have a lower velocity in comparison to the smaller droplets. The magnitude of velocity and size and the 302 power of that inverse proportion depends on the details of the breakup mechanism. This observation is a 303 significant fact that can be used for reaching a distribution of size and velocity of droplets in front of a 304 vessel's bow. The power of that proportion varies around unity and the exact overall power cannot be 305 found easily. The inverse proportion, however, is more important than the exact amount of the power. In 306 this paper, we will assume that the overall breakup phenomenon is an average of those phenomena, and 307 based on this assumption, the sizes and velocities are obtained and used. 308 309 
Droplet Trajectory Analysis
where is mass of droplet, is time, is droplet velocity, is air velocity, is water density, ∀ is 331 droplet volume, is gravity, is drag coefficient, is droplet diameter, is air density, and is 332 added mass force coefficient. The coefficient is assumed 0.5 and can be calculated as follows 333 where ,, , ,, and , are position, velocity, and acceleration of the droplets, is liquid density to air 340 density ratio, and is the relative velocity of wind to vessel. The initial conditions are droplet sizes and 341
velocities. This set of six equations and six unknowns can be solved by a numerical scheme. 342
The contribution of latent heat means that the amount of vaporization is important in the cooling 343 of the droplets, but in reality the mass of vaporized water is negligible in comparison to the original mass 344 of the droplets. Therefore, the small mass reduction due to the vaporization is ignored. The numerical 345 solution is limited to modeling of the droplet trajectory just in front of the vessel. Droplets traveling on 346 the deck are dependent on the vessel geometry and obstacles on the deck, which is beyond the scope of 347 this paper. 348
The input data for the droplet trajectory model are wind velocity, injection angle, droplet sizes and 349 droplet velocities. The present model simulates the wave-impact sea spray that MFV on the Sea of Japan 350 experienced (Borisenkov et al., 1975) , and therefore in this work the situation of that vessel and the 351 atmospheric conditions of that time will be used in the analysis. The wind velocity is considered to be the 352 same as the MFV on the Sea of Japan. The range of droplet sizes is chosen by using the work of Ryerson 353 (1995) which is about 0-7000 . The initial velocities must be chosen to create a spray height recorded 354 in the same as the report of the MFV of the Sea of Japan (Borisenkov et al., 1975) . By having a specific 355 amount of sea water that creates the cloud of spray and also having a distribution of size and velocity of 356 the droplets, the concentrations of droplets are determined. The injection angle will be assumed as the 357 overall injection angles of droplets after the sheet-water breakup. In a steady state situation, this angle 358 can be considered equal to the bow angle. The real phenomenon is transient, and the hitting angle of the 359 wave and bow occur such that the oscillation of the vessel will result in different injection angles. 360
Therefore the injection angle can be assumed about the bow angle and by considering a reasonable 361 tolerance, the variation of that angle can be addressed. 362
By using a range of velocities and sizes for droplets and considering the inverse relations for sizes 363 and velocities, a set of curves can be plotted. Figure 6 shows the distribution of the size and velocity of 364 droplets for a droplet range of 0-7000 and a velocity range of 0-40 / . The bottom-right corner of 365 Fig. 6 illustrates small and high-velocity droplets. Although the droplets can theoretically attain high 366 18 velocities, the drag force, which is a contraflow force, slows them down rapidly. The length scale of the 367 bow is bigger than the length scale of the splash plate and thus the effect of drag force in reducing the 368 velocity of high-velocity droplets will be more considerable than the splash plates. In reality, the high-369 velocity and small droplets will be affected by this drag force and as a result it reduces their velocities at 370 a short distance from the creation area. Therefore, this is a reasonable assumption to correct the high-371 velocity region and limit it to the maximum velocity. This correction shifts the right-hand half of the curves 372 of Fig. 6 a little lower. In moving more towards the higher velocity region, this shift will be more 373 explained. Figure 6 shows the effects of those mechanisms on the size and velocity of the droplets. It is 380 difficult to determine that just one of those mechanisms is effective in determining the sizes and 381 velocities. All of them can contribute to forming the cloud of spray. It is reasonable to assume approximate 382 19 overall results for those outputs. A simple inverse size-velocity dependence which is chosen in this study 383 and named as selected data is the linearly decreasing line in Fig. 6 . This inverse dependence curve covers 384 the weakness of the other models in the high-velocity region. It also reflects the overall effects of the 385 other models in the low-velocity and big-sized regions. 386 387
Numerical Results

388
In a wave-impact spray event, size and velocity distributions of the droplets are essential for determining 389 the exact rate of water delivery to every part of a vessel. Previous research has shown that the droplet 390 size and velocity at the end of the breakup process have an inverse dependence. This means that higher 391 velocity droplets are smaller than lower velocity droplets. The exact droplet size and velocity depends on 392 the wave specification, vessel velocity, wind velocity, and the quality of the impact. By knowing the range 393 of velocities and sizes of the droplets at the highest level of the bow, and considering the velocity direction 394 of droplets nearly parallel with the bow, a wind velocity of 11 / , and a vessel velocity of 2.83 / , the 395 same as the situation of the MFV of the Sea of Japan which is reported by Borisenkov et al. (1975) , the 396 effect of these variables on the spray cloud and LWC can be examined. Table 1 The first output of the droplet trajectory will be the dispersion of a spray cloud in front of the vessel. 411 Figure 8 shows the development of a spray cloud over time. The spray cloud will cover the entire front of 412 a vessel in less than 0.48 s. At this point, the spray is not at its maximum height over the vessel. The spray 413 cloud can further extend upwards on the vessel and the geometry of the deck can affect it. 414
The maximum counter-direction horizontal movement of the spray cloud in front of the vessel is 415 about 0.45 . The spray cloud is extended vertically very rapidly. After 0.16 , the height of the spray 416 reaches about 1.7 and, at 0.24 , it reaches a height of 2.7 . At 0.32 , the spray has moved vertically 417 just 0.8 , to a height of 3.5 . where is the elevation above the deck of MFE (Zakrzewski, 1987) and is the LWC. Figure 9 shows the numerical results in different cases of 440 integration intervals and points. Due to the integration on the discrete phase of water droplets, the 441 obtained LWCs may not be smooth curves. The quality of the numerical curves depends on the number 442 of intervals and points on the subdivided ranges. Some points on the curves are the result of the 443 inhomogeneous distribution of droplets and also the integration intervals and points. Figure 9 shows that 444 increasing the integration points can refine these regions and also reduce the number of resultant data 445 on the curves. 446
The numerical results are aligned with the field observations. They almost match the exponential 447 behaviour of the experimental results. dependence, which has high-velocity, small-sized droplets and low-velocity, large-sized droplets. The 464 second case is the opposite of the first case. This case, which will be named the co-direction dependence, 465 considers high-velocity, large-sized droplets and low-velocity, small-sized droplets. The third case is a 466 constant velocity and arbitrary droplet size, and the fourth case is a constant droplet size and arbitrary 467 droplet velocity. It will be shown that, except in the first case, which has been chosen for this study, the 468 other cases do not yield an acceptable LWC curve. 469 The other parameters that test the sensitivity of the model are the maximum velocity of droplets, 490 maximum size of droplets, and injection angle. The various degrees of these parameters are shown in 491 velocity of droplets appears in the higher altitudes. In the case of lower velocities, droplets create a short 500 cloud spray and therefore the LWC is zero for the high altitude. The model is more sensitive to lower 501 velocities than to higher ones. At high velocities, the maximum deviation is less than 8 percent but for low 502 velocities the deviation is more than 50 percent. For all cases, the LWC for the heights of less than 1 m are 503 very close to each other, but by increasing the height, the lower velocity cases start to diverge. The droplet size is the other parameter that can test the sensitivity of the model. Figure 12 shows 509 the response of the model to this parameter. Increasing the droplet size results in an increase of LWC. The 510 system is more sensitive to larger droplets than to smaller droplets. The volume of water is proportional 511 to the third power of the droplet diameter and it can be the reason for the high sensitivity of the model 512 to bigger droplets. When decreasing the maximum size of the droplets, they cannot travel as high as the 513 reference value case because of the drag force. The drag force affects the small droplets more easily, and 514 they will be in the wind direction after a short time. Therefore they cannot reach the highest altitude. 
Conclusions
538
A new model for the prediction of the characteristics of wave-impact sea spray in front of a vessel was 539 developed. The sheet breakup and droplet breakup in front of the vessel bow showed that there is a 540 significant dependence between the sizes and velocities of resulting droplets after breakup. High-velocity 541 droplets tend to split into fine droplets and low-velocity droplets tend to keep their size. This makes a 542 size-velocity connection in the droplets which are injected into the atmosphere in front of a vessel. At the 543 injection points, next to the highest points of the bow, the bigger droplets have lower velocities and vice 544 versa. By using the droplet trajectory and considering the vessel velocity and wind velocity, the spray cloud 545 29 in front of the vessel can be predicted. The drag force, added mass force, and body force are effective 546 forces in this analysis. The wave-impact sea spray is expanded in front of the vessel in 0.48 s. The LWC is 547 calculated by considering the droplet arrangement, size, and velocity at the arrival section in front of the 548
vessel. 549
Sensitivity analyses show that the model is very sensitive to size-velocity dependence. Co-direction 550 dependence for the size and the velocity, independence of droplet size from velocity, and independence 551 of droplet velocity from size, will result in unacceptable values of the LWC. The inverse dependence 552 between size and velocity is the only dependence that can adequately predict the correct value of the 553
LWC. The sensitivity analysis shows that the system is very sensitive to small injection angles, big droplets, 554 and low-velocity droplets. The proposed inverse size-velocity dependence for the injected droplets in the 555 atmosphere in front of the vessel is a useful new model that can fill a knowledge gap about the size and 556 velocity of droplets due to the impact of a wave on a bow. This proposed model was verified by comparing 557 it to the LWC measured by Borisenkov et al. (1975) . By using this new model, a more accurate calculation 558 of the water impact across a vessel can be achieved. 559 560
